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Abstract 
In this study, we evaluate the sustainability of absorption/desorption technology for CO2 capture from a 
targeted unit specialized in industrial waste incineration. The purpose of our study is to fill in this 
shortage by using a pilot set-up to investigate chemical interactions between synthetic flue gas and 
solvents and their impacts on process performance. At the same time, we complete our prospection by 
laboratory experiments to study the influence of specific degradation products on process performance. In 
this paper, we choose to focus on gas absorption. First, we provide our feedback on experimental methods 
for overall mass transfer coefficient (KGaW) measurements for CO2 absorption. Second, absorption of 
acidic pollutants, leading to heat stable salts formation, was investigated. Therefore, we used laboratory 
tools to study the influence of these salts on process performance. 
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1. Introduction 
The European Commission has described climate change as “one of the greatest environmental, social 
and economic threats facing the planet”. Many mechanisms have been suggested for tackling rapid 
climate change and warming by soaking up carbon dioxide. The power plants are one of the largest CO2 
world sources and several research programs are studying the CO2 capture form this type of flue gas. 
Nevertheless, Coussy et al. [1] have shown that industrial sources including the incinerator flue gases are 
predominant compared to power plants for French emissions. 
 
No industrial references are currently available for carbon dioxide capture from industrial incinerator 
flue gas composition. In this study, we evaluate the sustainability of absorption/desorption technology for 
a targeted unit specialized in industrial wastes e.g., oilfield and refinery industry. 
 
Nomenclature 
 
apck Packing specific surface area (m² / m3) 
aw Wetted specific surface area (m² / m3) 
Cp Heat capacity of the solvent (J / (g K)) 
G Gas mass flow rate (kg/s) 
g Standard acceleration of gravity (m / s²) 
GI  Inert gas flow rate (mol / m² s) 
KGaW Overall mass transfer coefficient (mol / Pa.s.m3) 
L Liquid mass flow rate (kg/s)  
MCO2 CO2 molecular weight (g / mol) 
Mslv Solvent molecular weight (g / mol) 
P*CO2 CO2 partial pressure in equilibrium with the solvent (Pa) 
PCO2 CO2 partial pressure (Pa) 
PSslv Vapor pressure of the solvent (Pa) 
T Temperature (K) 
Uslv Solvent superficial velocity (m / s) 
Vpck Absorption packing volume (m3) 
xslv MEA mole fraction in the solvent without CO2 (-) 
YCO2 CO2 mole gas ration (-) 
Z/ZT normalized absorption packing height (-) 
α Solvent CO2 loading (mol CO2 / mol MEA) 
Δhdes Molar enthalpy of CO2 desorption (kJ/mol) 
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Δhvap Molar enthalpy of solvent evaporation (kJ/mol) 
Δα Difference in rich and lean CO2 loading (mol CO2 / mol MEA) 
ρslv Solvent density (kg / L) 
σpck Packing critical surface tension, (mN / m) 
σslv Solvent surface tension (mN / m) 
μslv Solvent viscosity (mPa s) 
ΦCO2 Absorption rate (mol / s) 
1.1. Flue gas composition and process description 
In the incineration process, the target unit flue gas is rejected to the atmosphere after a deep gas 
treatment to reach the environmental specifications (Fig. 1.). The flue gas has a relatively low CO2 partial 
pressure, a high oxygen (O2) fraction, and contains acidic pollutant traces (NO2, SO2).   
 
 
 
Fig. 1. Typical composition of an industrial incinerator flue gas 
 
Decarbonisation of gas streams has been feasible since several decades using chemical absorption by 
alkanolamine solvents. Kohl and Nielsen [2] and Astarita et al. [3] have provided a comprehensive 
summary for technological aspects and process licenses based on MonoEthanolAmine (MEA) solvents.  
 
The process is based on two gas liquid-contactors (Fig. 2.). The flue gas is introduced on bottom of 
absorption column. As it flows up to the top and is mixed counter-currently with the MEA solvent, the 
CO2 passes from the gas to the solvent. Then, the lean carbon flue gas leaves the top of the column to the 
atmosphere. At the bottom of the column, the CO2 rich solvent is sent to desorption. The solvent flows 
down the column and reaches the reboiler equipment. The reboiler provides heat to the solvent and leads 
to liquid temperature rising through the column. CO2 and steam are released and flow up to the condenser 
where the gas flux is cooled down. The water is condensed and the extracted CO2 leaves the equipment. 
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The CO2 lean solvent leaves the reboiler to the absorption column for a new capture cycle. The crossover 
heat exchanger allows minimizing the process energy consumption by warming up the rich solvent and 
cooling the lean solvent. 
 
  
 
 
Fig. 2. Typical composition diagram of absorption/desorption process for CO2 capture 
 
In a previous paper [4], we have shown a lack of data concerning the interaction between pollutants 
and incinerator flue gas in terms of: 
x  Thermal degradation 
x  Oxidative degradation 
x  Heat stable salts 
x  And corrosion 
 
The impact of those factors on the overall process performance has to be taken into account. 
 
1.2. Study goals 
This study first aims at evaluating the sustainability of carbon dioxide alkanolamine capture from 
synthetic incinerator flue gas. The process target is to provide a CO2 stream with commercial purity and 
minimum investing and operating cost. MEA was selected as the solvent as it is the most appropriate for 
low CO2 partial pressure extraction [2]. To start with, we choose the formulation of 30 %wt of MEA in 
water as the benchmark solvent due to the large amount of data available on this solvent. 
 
To the best of our knowledge, the sustainability of the alkanolamine processes for the incinerator case 
was not evaluated. The purpose of our study is to fill in this shortage by using a pilot set-up to investigate 
chemical interaction and process performance in industrial condition. The pilot results give an overall 
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view of the process performance. At the same time, we complete our prospection by laboratory 
experiments to study the influence of a specific degradation product on process performance. 
 
The study covers several aspects including hydrodynamics of pilot column, energy balance and solvent 
degradation measurement. This paper focuses on gas absorption. First of all, the experimental methods for 
overall mass transfer coefficient (KGaW) measurements for CO2 absorption are described. In a second part, 
absorption of acidic pollutants was investigated. MEA is a weak base and react with acid (AH) to capture 
a proton and generate an anion: 
 
 
 
The ion pair forms a stable salt with a temperature rise, named heat stable salts (HSS). Therefore, 
laboratory tools were used to study this influence of heat stable salts on process performance. 
2. Experimental section 
2.1. Pilot set-up 
The pilot design is based on the classic flow diagram of alkanolamine processes [4]. Temperature, 
pressure, column hydrodynamic and mass transfer are similar to industrial process plants. Pilot is depicted 
in Fig.3. 
 
 
 
Fig. 3. Pilot diagram for CO2 capture experiments 
 
Gas flow generator: it provides the desired gas flow to the absorption column starting from pure gas 
cylinders. The controlled parameters are flow rate, temperature and composition. The gas composition is 
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achieved by using mass flow meters. The generator produces 150 NL/min of gas flux saturated with 
water. It contains up to 20 % mol. of CO2 and 15 % mol. of O2. Finally, the gas flux is doped with acidic 
pollutants. 
 
Absorption column: the column is about 2 m high and has a diameter of 0.1 m. It is filled with ceramic 
packing. The packing section is divided into three parts with a temperature measurement and two gas 
samplings. Moreover, temperature, pressure, flow rate and composition of gas and solvent are measured 
at the bottom and at the top of the column.  
 
Desorption column: The column is about 1.5 m high and has a diameter of 0.1 m. It is filled with 
ceramic packing. The packing section is divided into three parts with temperature measurement. The 
reboiler is warmed up by an electrical resistance and the condenser is cooled down by water. An energy 
balance is done for both equipments. Liquid samplings give the solvent composition at the inlet and the 
outlet of desorption and mass flow meter measures the CO2 flow leaving the condenser.  
 
Heat exchangers: The pilot was designed with two independent heat exchangers in order to increase 
the set-up flexibility. The rich solvent temperature is increased before reaching the desorption column and 
the lean solvent temperature is decreased on the reboiler outlet. An energy balance is done by using 
temperature and flow rate measurements for each heat exchanger. 
 
First, we carried out a parametric study of CO2 absorption without O2 and pollutants in absorption gas 
inlet and the main variable was the CO2 gas concentration on absorption inlet (5, 7, 9, 11, 13 % mol.). 
Those experiments have yielded to a data set for overall mass transfer coefficient (KGaW) calculation. 
Second, we have studied the pollutants absorption on the solvent by recreating a gas stream in average 
range of actual waste incinerator flue gas compositions (CO2: 8 % mol.; O2: 12 % mol.; SO2: 40 ppm; 
NO2: 25 ppm).  
2.2. Calorimetric reactor 
We have used a Mettler® RC1 calorimetric reactor (Fig. 4) to evaluate the impact of heat stable salts 
on heat capacity of the solvent and on the specific heat of reaction between CO2 and MEA. The 
calorimetric reactor consists of a 2L glass-made vessel with tangential inlet for the heat transfer fluid. It is 
equipped with Pt100 temperature probes, a piezzo pressure probe, an electrical calibration heating, an 
anchor and an automated gas injection system. The heating–cooling system, which uses a single heat 
transfer fluid (silicone oil 47V20 Rhodorsil), works within a temperature range of −15 to +200 °C [5] 
 
The reactor was filled with a 30 %wt MEA solvent with various amounts of heat sable salts (mainly 
generate by sulfuric acid addition in the MEA solution). Then, the gas admission introduces pressurized 
CO2 and isolates the vessel. The CO2 is progressively absorbed and the exploitation software solves the 
energetic balance on the reaction mass which enables to calculate the specific heat of reaction between 
CO2 and MEA. Afterwards, the calorimetric set-up carries out heat capacity measurements of the loaded 
solvent. Each reactor charge is loaded 5 times with CO2 injection. Ones the heat capacity measurement 
done, a liquid sample is taken to measure density and viscosity of the solution. 
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Fig. 4. Diagram of the RC1® calorimetric reactor 
2.3. Analytical details 
The pilot gas samples are sent to an IR-analyser which gives the concentration of CO2 in a range of 0 
to 20 % mole with an accuracy of ± 0.5 %. 
 
For liquid samples, a Dionex CS-11 cationic column allows the analysis of MEA concentration. The 
CO2 load of the solvent is quantified by gas chromatography by using the protocol of Jou et al. [6]. 
Finally, a Dionex AS -23 anionic column allows the analysis of the concentration of organic acids and 
pollutant dissolution products. 
3. Results and discussion 
3.1. Overall transfer coefficient 
deMontigny et al. [7] proposed a comprehensive pilot study of carbon dioxide absorption in MEA 
solvents. They have measured the effect of process operating parameters of the absorption column on the 
overall mass transfer coefficient (KGaW). The variables are the packing structure, the CO2 gas inlet 
concentration, MEA solvent concentration, the CO2 solvent loading, and the fluids flow rate. The 
measurement method is based on the transfer unit theory and use the following expression: 
 
ܭܩܽݓ ൌ ቆ
ܩܫ
൫ ܲܥܱʹ െ ܲܥܱʹכ ൯
ቇ݀ ܻܥܱʹܼ݀  
 (1) 
 
The CO2 concentration gradient (dY/dZ) is obtained with the gas composition measurements along the 
column packing. 
 
Dugas [8] carried out a study on the CO2 absorption in 30 %wt MEA solvent in a full pilot plant. The 
author varied the CO2 gas inlet concentration, the fluid flow rates, and the desorption conditions. The 
overall mass transfer coefficient (KGaW) was calculated by applying the following expression:  
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 (2) 
 
The absorption rate Φ is obtained by mass balances and the logarithm mean average driving force is 
calculated using the operating and equilibrium CO2 partial pressure at the top and bottom of the absorber. 
 
The heat of absorption of CO2 in amine solvent induces a temperature gradient along the absorption 
column called bulge [2]. Kvamsdal and Rochelle [9] show that bulge has strong effect on mass transfer 
performance, and therefore on the overall mass transfer coefficient (KGaW) measurements. In our pilot 
experiments, we choose high solvent-to-gas ratio (L/G), higher than 6, to minimize heat accumulation on 
liquid phase and to reduce bulge influence on mass transfer variations. For all the experiments, the 
temperature gradient was less than 10 °C. 
 
Starting from the CO2 gas profile in the absorption column (Fig. 5.), the overall mass transfer 
coefficient (KGaW) was plotted as a function of CO2 concentration gas inlet and solvent-to-gas ratio (L/G) 
(Fig. 6.). 
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Fig. 5. CO2 gas profile in the absorption column 
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Fig. 6. Overall mass transfer coefficient (KGaW) in function of CO2 gas inlet 
 
The overall mass transfer coefficients (KGaW) are similar with the deMontigy [7] et al., and Dugas [8] 
measurements. KGaW value decreases as CO2 concentration increase reflecting that hydrodynamic 
contribution in mass transfer is disadvantaged by the CO2 partial pressure increase. Nevertheless, the 
thermodynamics driving force for mass transfer increase with high CO2 partial pressure and mass 
balances shows that the absorption rate Φ follows the same trend. Therefore, the thermodynamic driving 
force is predominant in CO2 absorption compared with hydrodynamics, and higher the CO2 partial 
pressure inlet is, lower the needed absorption height is. Finally, both methods for overall mass transfer 
coefficient (KGaW) provide results with an average deviation of 10 %. 
3.2. SO2 absorption 
According to Kohl and Nielsen [2], the sulfur dioxide has a high reactivity with alkaline solution. 
Starting from DeSOx alkaline processes feedback, we assume the following mechanisms for SO2 
absorption in MEA solvent: 
 
 
 
We carried out two experiments with sulfur dioxide in gas inlet (in average range of actual waste 
incinerator flue gas concentrations).  
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Table 1. SO2 concentration in the gas inlet and outlet of the absorption column  
 
Experiments 1 2 
SO2  inlet 40 ppm 40 ppm 
SO2  outlet 0 ppm 0 ppm 
 
As the table 1 shows, the sulfur dioxide was completely absorbed in less than 10 cm of packing which 
may correspond to an instantaneous regime for the gas-liquid transfer. 
3.3. NO2 absorption 
Absorption of NOX in alkaline solution is more complex than sulfur dioxide absorption. According to 
Carta [10], the following gas phase reactions occurs: 
 
 
 
Ones the NOX species (NO, NO2, N2O4, HNO2, HNO3) absorbed in the liquid phase, the following 
mechanisms for the reaction with MEA starting from Decanini et al. [11] and Hupen et al. [12] results is 
assumed: 
 
 
 
We carried out two experiments with nitrogen dioxide in gas inlet (in average range of actual waste 
incinerator flue gas concentrations). 
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Table 2. NO2 concentration in the gas inlet and outlet of the absorption column  
 
Experiments 1 2 
NO2  inlet 25.6 ppm 26.2 ppm 
NO2  outlet 14.1 ppm 13.9 ppm 
 
As the table 2 shows, nitrogen dioxide was partially absorbed in the solvent with an average of 46 %. 
It corresponds to a fast regime for the gas-liquid transfer and it agrees with Hupen et al. [12] results. 
3.4. Heat stable salts impact on absorption performance 
CO2 absorption in MEA solvent follows a fast regime reaction and the mass transfer is mainly driven 
by gas-liquid interface expended by the column packing. As demonstrated by Onda et al. [13] for random 
packing, this interfacial area depends on physical solvent properties like density, viscosity and surface 
tension (equations 3 to 6). 
 
ܽݓ
ܽ݌ܿ݇ ൌ ͳ െ ༌ቆെͳǤͶͷ ൈ ൬
ߪ݌ܿ݇
ߪݏ݈ݒ ൰
ͲǤ͹ͷ
ൈ ܴ݁ݏ݈ݒͲǤͳ ൈ ܨݎݏ݈ݒെͲǤͲͷ ൈܹ݁ݏ݈ݒͲǤʹቇ 
 (3) 
 
ܴ݁ݏ݈ݒ ൌ
ߩݏ݈ݒ ൈ ܷݏ݈ݒ
ܽ݌ܿ݇ ൈ ߤݏ݈ݒ   (4) 
 
ܨݎݏ݈ݒ ൌ
ܽ݌ܿ݇ ൈ ܷݏ݈ݒʹ
݃   (5) 
 
ܹ݁ݏ݈ݒ ൌ
ߩݏ݈ݒ ൈ ܷݏ݈ݒʹ
ܽ݌ܿ݇ ൈ ߪݏ݈ݒ   (6) 
 
As indicated previously, the absorption of acidic pollutants in MEA solvent leads to acidic anion: 
sulfur dioxide forms sulfate and nitrogen dioxide gives nitrite and nitrate anions. These strong electrolytes 
may affect physical properties of the solvent and as a consequence the absorption performance of CO2. 
 
Intermediate results are given by the following charts: Figs. 7 and 8 plot respectively density and 
viscosity of a 30%wt of MEA solvent against the CO2 loading at 25 °C. The free salts curves (blue) are 
obtained using Weiland et al. [14] correlations. The accuracy of the correlations was validated with 
Admusen et al. [15] data (Appendix A). The curves (green) which correspond to the mix between solvent 
and salts are obtained using our experimental measurements. We added sulfuric acid to form heat stable 
salts and we loaded the solution using the Mettler® RC1 calorimetric reactor. 
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Fig. 7. Density of 30 %wt MEA solvent in function of CO2 loading with and without heat stable salts 
 
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Vi
sc
os
it
y 
(m
Pa
 s)
Loading (mol CO2 / mol MEA)
C salts = 0 mol/L C salts = 0.5 mol/L
 
 
Fig. 8. Viscosity of 30 %wt MEA solvent in function of CO2 loading with and without heat stable salts 
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Starting from Figs. 7 and 8, we can see that on one hand, sulfate anions have little impact on density 
with an increase of less than 5%. On the other hand, sulfates have strong effect on solvent viscosity with 
an average increase of 82 %. In prospect of this work, surface tension measurements should be made to 
use Onda et al. [13] correlation to evaluate heat stable salts impact. 
3.5. Heat stable salts impact on energy performance 
Oexmann and Kather [16] have a simplified model for the overall regeneration (reboiler) heat duty of 
absorption/desorption CO2 capture process with chemical solvent. This useful tool shows by 
thermodynamic equations the influence of the solvent properties on energy process performance. The heat 
required to regenerate the solution in the desorption section can be divided in three parts: 
 ݍݎܾ݁ ൌ ݍݏ݁݊ݏ ൅ ݍݒܽ݌ ൅ ݍ݀݁ݏ   (7) 
 
qsens is the sensible heat to raise the solvent from the temperature inlet in the desorption column (Tfeed) 
to the reboiler temperature (Treb) 
 
ݍݏ݁݊ݏ ൌ
ܥ݌ ൈ ܯݏ݈ݒ ൈ ൫ ܶݎܾ݁ െ ݂ܶ ݁݁݀ ൯
οߙ ൈܯܥܱʹ ൈ ݔݏ݈ݒ
 
 (8) 
 
qvap is the heat of evaporation of the water condensed in the overhead condenser (assuming that the 
heat of the desorption column in equilibrium with solvent feed) (ref : reference state)   
 
ݍݒܽ݌ ൌ
ο݄ݒܽ݌ ǡܪʹܱ
ܯܥܱʹ
ൈ ܲܪʹܱǡݎ݂݁
ݏ
ܲܥܱʹǡݎ݂݁
כ ൈ ݁ݔ݌ ൭ቆ
݂ܶ ݁݁݀ െ ܶݎ݂݁
ܴ ൈ ݂ܶ ݁݁݀ ൈ ܶݎ݂݁ ቇ ൈ ൫หο݄ݒܽ݌ ǡܪʹܱห െ หο݄݀݁ݏ ǡܥܱʹห൯൱  (9) 
 
qdes is the heat of desorption of CO2 
 
ݍ݀݁ݏ ൌ
ο݄݀݁ݏ ǡܥܱʹ
ܯܥܱʹ
 
 (10) 
 
The sensible heat qsens depends on the heat capacity of the solvent. Fig. 9 plot heat capacity of the 
solvent against the temperature for a free 30%wt MEA solvent (blue curve), a 30%wt MEA solvent with 
1 mol/L sulfate plus 1 mol/L nitrate (green curve), and a 30%wt MEA loaded at α = 0.4 of CO2 (red 
curve). 
 
The free solvent curve is obtained from our experimental measurements using the Mettler® RC1 
calorimetric reactor. The experimental values match literature data [17]. In the same manner, the 
calorimetric reactor was used for heat capacity measurements of solvent with heat stable salts. Finally, the 
CO2 loaded was calculated using Hillard [18] correlation. The correlation accuracy was validated with 
Weiland et al. [17] data (Appendix B). 
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Fig. 9. Heat capacity of 30 %wt MEA solvent in function of temperature  
 
Fig. 9 reveals that heat capacity of MEA solvent decrease with the ionic strength of the solution. Salts 
contamination reduces the heat capacity in about 17 % and the loading of α = 0.4 in an average of 14%. 
Therefore, acidic pollutant absorption could lead, in a first place, to the reduction of the sensible heat 
consumption. Nevertheless, heat stable salts reduce the cyclic capacity of the solvent Δα which increases 
qsens.  
 
The specific heat of desorption Δhdes for breaking the chemical bond between CO2 and MEA affects 
the qvap and qdes. We used the Mettler® RC1 calorimetric reactor to measure Δhdes considering that the 
same amount of heat released in the reaction of absorption must be provided to reverse the chemical bond 
and to drive out the CO2. Fig. 10 plot the heat of absorption measurements against CO2 loading for a 30 
%wt MEA solvent. Experiments were carried out for several sulfate concentrations. 
 
As observed on Fig. 10, sulfate ions are obsviously impacting specific heat of desorption. Without 
them, heat is around 85 kJ.mol-1 and correspond to litterature data 82 kJ.mol-1 [19]. Increasing sulfate 
concentration leads to an increase of the specific heat of desorption in an average of 105 kJ/mol. As a 
consequence, acidic pollutant absorption leads to increase the reboiler heat duty dedicated to the 
desorption of CO2. 
718   I. Aouini et al. /  Procedia Engineering  42 ( 2012 )  704 – 720 
 
50
60
70
80
90
100
110
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
-H
ea
t o
f a
bs
or
pt
io
n 
(K
J /
 m
ol
 C
O
2)
Loading (mol CO2 / mol MEA)
C salts = 0 mol/L C salts = 0.005 mol/L C salts = 0.05 mol/L C salts = 0.5 mol/L
 
 
Fig. 10. Heat of absorption of CO2 in a 30 %wt MEA solvent in function of temperature  
 
In prospect of this work, impact of heat stable salts on gas-liquid equilibriums should be measured and 
more specifically on heat of evaporation Δhvap, Vapor pressure of the solvent, and CO2 solubility. Those 
results allow evaluating heat stable salts effect on the condenser consumption and the energy performance 
of the process. 
 
To conclude, our results show that acidic pollutant absorption leads to increase the consumption of the 
reboiler duty for sensible heat and CO2 desorption. Further, the heat stable salts involve corrosion 
problems for process equipment. Therefore, their concentrations have to be maintained low in the solvent. 
4. Conclusion 
In this paper, we have explored the sustainability of chemical absorption technology for CO2 capture in 
a targeted unit specialized in industrial waste incineration. Our work shows that the technology gap is 
mainly due to acidic pollutants (SO2, NO2) included in incinerator flue gas combined with a high 
concentration of O2. Literature has highlighted the impact temperature bulge on the overall mass transfer 
coefficient (KGaW). In order to measure KGaW with precision, we carried out experiments with high 
solvent-to-gas ratio (L/G) to have a temperature gradient less than 10 °C. The measurements match 
literature data. 
 
Concerning the acidic flue gas pollutants, pilot tests show that SO2 has a high reactivity with MEA 
solvents and NO2 is less reactive. Their absorption lead to heat stable salts formation. We demonstrate 
that species have an impact on the density and the viscosity of the solvent and could impact absorption 
performance. Moreover, the salts increase the consumption of the reboiler duty for sensible heat and CO2 
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desorption and affect the energy performance of the capture process. We conclude that the heat stable 
salts concentration has to be maintained low in the solvent to insure the process sustainability. 
 
In prospect of the study, the physical property measurements should be extended to the surface tension 
and the solubility of CO2 in MEA solvents mixed with heat stable salts in order to use models and 
correlations to estimate pollutant impacts on process performances.  
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Appendix A. Validation of Weiland et al. correlations for density and viscosity of MEA solutions 
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Appendix B. Validation of Hilliard correlation for heat capacity of MEA solutions 
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